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Plasticity within the spinal cord, and in particular within the phrenic motor nucleus, may underlie the increased efficacy of crossed spinal synaptic pathways to phrenic motoneurons after chronic C2HS (18, 23) . For example, rapid (e.g., hours to days) morphological changes occur in the ipsilateral phrenic motor nucleus after C2HS, including an increase in the number of dendrodendritic appositions and synaptic active zones and a decrease in the somatic surface area of phrenic motoneurons (19, 22, 30) . These morphological changes have the potential to increase spinal synaptic efficacy and/or phrenic motoneuron excitability and, therefore, the strength of crossed spinal synaptic pathways to phrenic motoneurons. Within the cervical spinal cord, descending projections to phrenic motoneurons travel in the dorsal or ventral aspects of the lateral funiculus (21) , and evoked phrenic potentials can be elicited by electrical stimulation in either of these tracts (20) . Our laboratory previously reported that plasticity in ventrolateral cervical spinal pathways correlates with ipsilateral phrenic motor recovery after C2HS (9, 10). However, in those studies, phrenic motor recovery was accelerated by a preconditioning lesion (cervical dorsal rhizotomy; Ref. 9) or by postinjury exposure to chronic intermittent hypoxia (10) . Whether or not the same ventrolateral spinal synaptic pathways are associated with naturally occurring increases in crossed phrenic activity after C2HS is unknown. Accordingly, we hypothesized that spontaneous recovery of crossed phrenic motor output after chronic C2HS reflects plasticity in ventrolateral crossed spinal synaptic pathways to phrenic motoneurons ipsilateral to injury. More specifically, we hypothesized that electrical stimulation of the cervical ventrolateral funiculus contralateral to C2HS would reveal the following: 1) decreased threshold current necessary to evoke compound action potentials in the contralateral phrenic nerve; and 2) increased evoked potential amplitudes between 2 and 4 wk post-C2HS.
Cervical hemisection and phrenic motor recovery are used widely as a model for spinal cord injury research (9, 10, 12, 25, 26, 28, 29) . However, the persistent (e.g., Ͼ1 wk) impact of C2HS on the pattern of breathing in unanesthetized, unrestrained animals is unknown. The time-dependent, spontaneous appearance of crossed phrenic inspiratory activity after C2HS suggests that the predictable effects of this injury on the pattern of breathing (e.g., diminished inspiratory volume, increased breathing frequency; Ref. 13) are not static, but they may change with time postinjury. Because there is a strong correlation between the amplitude of integrated inspiratory phrenic activity and the inspiratory pressure generated in spontaneously breathing animals (7), time-dependent increases in crossed spinal synaptic pathways to phrenic motoneurons (10, 14, 16, 24) may be functionally significant in terms of the capacity to generate inspiratory effort. Specifically, enhanced crossed phrenic activity may increase inspiratory pressure, thus increasing inspiratory tidal volumes. However, crossed phrenic pathways appear to make little, if any, contribution to inspiratory volume during quiet breathing (15) . The functional role of crossed phrenic pathways may be greater under conditions of elevated inspiratory drive (15) . Accordingly, we used barometric plethysmography to determine the impact of chronic C2HS on ventilation and the pattern of breathing in unanesthetized rats breathing normoxic and hypercapnic mixtures. We hypothesized that C2HS-induced deficits in the capacity to increase inspiratory volume during hypercapnia would spontaneously improve over several weeks postinjury.
METHODS
Experiments were conducted on male Sprague-Dawley rats (n ϭ 20, 3-5 mo of age) obtained from Charles River Laboratories (colony 217, Kingston, NY). Rats were housed individually with free access to food and water. All procedures were approved by the University of Wisconsin, School of Veterinary Medicine Animal Care and Use Committee.
Recovery surgery (before neurophysiology and plethysmography). Before C2HS, rats were anesthetized with isoflurane in a closed chamber. Rats were either orotracheally intubated and ventilated with 2-3% isoflurane (balance O 2) or breathed the same mixture spontaneously through a nose cone. All rats received an analgesic (buprenorphine, 0.1 mg/kg), an anti-inflammatory drug (carprofen, 4 mg/kg), and an antibiotic (enrofloxacin, 5 mg/kg). Intubated rats received the sedative meditomidine (100 g/kg) before isoflurane to facilitate the procedure. Meditomidine was actively reversed with atipamezole (500 g/kg) after surgery. The cervical spinal cord was exposed with a dorsal approach (C 2 laminectomy and durotomy), and the spinal cord was hemisected caudal to the C2 dorsal roots with microscissors. The hemisection was visually confirmed by creating an ϳ1-mm gap in the spinal cord using a blunt-tipped 25-gauge needle connected to a suction pump. Wounds were sutured, and the skin was closed with wound clips.
At least 1 wk before the first plethysmography experiment, a temperature telemetry transmitter (Mini-Mitter, Sunriver, OR) was surgically placed in the peritoneal cavity. Isoflurane anesthesia was maintained (2-3%) as described above. Carprofen (Rimadyl injectable, 4 mg/kg sc) was administered before surgery. A laparotomy, consisting of a small midline incision (1-1.5 cm), was performed to enable placement of the transmitter in the peritoneal cavity. The wound was sutured, and the skin was closed with wound clips. Rats received buprenorphine (0.1 mg/kg ip) before termination of isoflurane anesthesia.
Neurophysiology (anesthetized rats).
Terminal neurophysiology experiments were conducted at 2 wk (n ϭ 7) and 4 wk (n ϭ 8) post-C2HS. Isoflurane anesthesia was induced in a closed chamber and maintained (2-3%) via nose cone. Rats were then tracheotomized, vagotomized, and mechanically ventilated throughout the remainder of the experiment. The femoral vein was catheterized, and rats were then converted to urethane anesthesia (1.6 g/kg) and paralyzed with pancuronium bromide (2.5 mg/kg iv). Blood pressure was monitored via a femoral arterial catheter connected to pressure transducer (model P23ID, Gould, Valley View, OH). End-tidal PCO 2 (PETCO 2 ) was monitored throughout the protocol with a rapidly responding analyzer (Novametrix, Wallingford, CT). Arterial partial pressures of O 2 (PaO 2 ) and CO2 (PaCO 2 ), as well as pH, were determined from 0.2-ml arterial blood samples (ABL-500, Radiometer, Copenhagen, Denmark). Rectal temperature was maintained (37-39°C) with a heated table. The phrenic nerves were isolated with a dorsal approach, cut distally, bathed in mineral oil, and placed across bipolar silver electrodes. Phrenic electrical activity was amplified (1,000 -10,000ϫ), filtered (100-to 10,000-Hz band pass; model 1,800, A-M Systems, Carlsborg, WA), and moving time-averaged or "integrated" (CWE MA-821RSP, time constant 100 ms).
At the beginning of the experimental protocol, rats were hyperventilated (Pa CO 2 Ͻ 30 Torr) to prevent spontaneous inspiratory efforts. A monopolar tungsten electrode (5 M⍀, A-M Systems) was inserted contralateral to the spinal hemisection and ϳ1.0 mm rostral to the C 2 dorsal roots. The electrode tip was placed in or in close proximity to the ventrolateral funiculus (1.8 -2.3 mm below the dorsal root entry zone). Electrode position was selected by maximizing the amplitude of a short-latency (Ͻ1.0 ms) evoked potential in the phrenic nerve ipsilateral to stimulation and contralateral to C2HS (10, 11) . Stimulusresponse relationships were obtained by applying current pulses (20 -1,000 A, 0.2-ms duration) with an electrical stimulator (model S88, Grass Instruments, Quincy, MA) and stimulus isolation unit (model PSIU6E, Grass Instruments). Phrenic potentials were digitized and analyzed with P-CLAMP software (Axon Instruments, Foster City, CA). After the stimulus-response data were collected, the ventilator pump rate was gradually decreased until spontaneous inspiratory bursting appeared in both phrenic nerves. The PET CO 2 at which inspiratory bursting activity resumed was designated as the "CO 2 apneic threshold," and PETCO 2 was maintained 2-3 Torr above this value throughout the remainder of the protocol. Thirty to sixty minutes were allowed to attain a stable baseline, and then an arterial blood sample was drawn. At the conclusion of each experiment, rats were exposed to a 5-min period of hypercapnia (PET CO 2 ϳ 80 Torr) by raising the inspired CO 2 content.
Plethysmography (unanesthetized rats). Flow-through, barometric plethysmography was used to quantify ventilation in awake rats as described previously (27) . Using a repeated-measures design, five rats were studied before C2HS and again at 2, 3 and 5 wk post-C2HS. Rats were placed in a Plexiglas chamber, and body temperature was measured via the previously implanted temperature telemeter. Pressurized gas mixtures flowed through the chamber at 2 l/min, thereby allowing control of inspired gas composition and preventing unwanted CO2 buildup. Baseline recordings lasted at least 1 h and were made while the chamber was flushed with 21% O2 (balance N2) (i.e., eucapnic normoxia). Rats were then exposed consecutively to 10-min periods of 5% and 7% inspired CO2 (21% O2, balance N2). A pressure calibration signal (obtained before placing a rat into the chamber), plethysmograph temperature, rat body temperature, ambient and chamber pressures, and rat body mass were used in the Drorbaugh and Fenn equation (6) to calculate breath-by-breath minute ventilation (ml ⅐ min Ϫ1 ⅐ 100 g Ϫ1 ), frequency (breaths/min), and tidal volume (ml/ 100 g).
Data analyses. Amplitudes of spinally evoked phrenic compound action potentials were quantified as 1) absolute voltage (i.e., arbitrary units), 2) relative to the amplitude in the contralateral nerve, and 3) relative to the amplitude at the following stimulus currents: threshold current, threshold current ϩ 100 A, and 1,000 A (i.e., maximum) (9, 10). Latency was measured from the onset of the stimulus artifact to the peak of the evoked potential. Spontaneous inspiratory phrenic nerve activity was averaged over a stable 30-s period, 30 -60 min after the establishment of the CO2 apneic threshold. During baseline conditions, the peak amplitudes of moving time-averaged, spontaneous inspiratory phrenic bursts were quantified as an absolute voltage (i.e., arbitrary units), as a percentage of the amplitude in the contralateral nerve, and as a percentage of the maximum amplitude observed during hypercapnia. During the hypercapnic period, the increase in phrenic burst amplitude was quantified as an absolute voltage, as a percent increase from baseline burst amplitude, and as a percentage of the amplitude in the contralateral nerve.
Plethysmography data were initially analyzed in 1-min bins. For the baseline, normoxia, and normocapnia condition, data represent the average of 10 consecutive 1-min bins just before hypercapnia. For hypercapnia, we report the peak tidal volume, frequency, and minute ventilation occurring over the course of each 10-min exposure.
Statistical analyses were performed using commercially available software (Sigma Stat, SPSS, Chicago, IL). In cases where variables had comparable units for both ipsilateral and contralateral nerve activity (e.g., A, V), data were compared using two-way analysis of variance and the Student-Neuman-Keuls post hoc test. Variables for which ipsilateral and contralateral nerve data could not be directly compared (e.g., ipsilateral phrenic amplitude expressed as a percentage of the contralateral amplitude) were analyzed using an unpaired t-test contrasting the 2-vs. 4-wk post-C2HS response. Comparisons of arterial blood gases, CO 2 apneic threshold, and mean arterial pressure were also made using an unpaired t-test. Statistical significance was designated as a P value of Յ 0.05. 
RESULTS

Anesthetized rats.
Examples of inspiratory phrenic nerve activity are provided in Fig. 1 . During baseline conditions, inspiratory burst amplitude in the phrenic nerve ipsilateral to C2HS was significantly less at 2 vs. 4 wk post-C2HS when amplitude was expressed relative to the contralateral burst ( Fig. 2A; P ϭ 0.02) . However, the difference between burst amplitude at 2 vs. 4 wk did not achieve statistical significance when expressed as arbitrary units (P ϭ 0.09) or as a percentage of the maximum burst amplitude (P ϭ 0.19) (Fig. 2A) . During hypercapnia, ipsilateral phrenic burst amplitude (arbitrary units) was not different between 2 and 4 wk post-C2HS (Fig. 2B) . However, the increase in ipsilateral phrenic burst amplitude (% baseline) during hypercapnia was significantly larger at 2 compared with 4 wk (P ϭ 0.02; Fig. 2B ). This difference reflects the smaller ipsilateral burst amplitude during baseline at 2 vs. 4 wk post-C2HS (Fig. 2A) . The contralateral phrenic burst amplitude during both baseline conditions and during hypercapnia was not different between the 2-and 4-wk time points, regardless of the normalization method (Fig. 2) .
As expected due to C2HS, baseline phrenic burst amplitude (arbitrary units) was greater in the contralateral vs. ipsilateral Fig. 1 . Examples of ipsilateral phrenic nerve activity recorded at 2 and 4 wk post-C2 spinal hemisection injury in anesthetized rats. Control data were obtained from a spinally intact rat, and they are presented as a contrast to the activity in the C2 spinal hemisection animals. A and B: unprocessed and moving-averaged phrenic activity, respectively, during normocapnic, hyperoxic conditions. C: examples of spinally evoked crossed phrenic potentials (stimulus current ϭ 1,000 A). Fig. 2 . Inspiratory phrenic nerve burst amplitude (Amp) recorded 2 and 4 wk post-C2 spinal hemisection in anesthetized rats during baseline (A) and hypercapnia (B). As outlined in METHODS, a variety of normalization approaches were used to describe integrated phrenic nerve activity (iPhr). Left: amplitude of the phrenic inspiratory burst recorded ipsilateral to C2 spinal hemisection (i.e., crossed phrenic activity) normalized to the activity recorded in the contralateral phrenic nerve (%CL). Middle: inspiratory burst amplitude recorded in both ipsilateral and contralateral phrenic nerves expressed in arbitrary units (a.u.). Right: baseline phrenic burst amplitude expressed relative to the maximum burst (A) and the increase in phrenic burst amplitude during hypercapnia expressed relative to the baseline amplitude (B). *Greater than corresponding 2-wk data, P Ͻ 0.05. #Ipsilateral phrenic data are different from corresponding contralateral data, P Ͻ 0.05. phrenic nerve at both 2 (P ϭ 0.01) and 4 wk post-C2HS (P ϭ 0.01; Fig. 2A ). This difference was not statistically significant, however, when amplitude was expressed as a percentage of maximum burst amplitude on the respective sides (P ϭ 0.09; Fig. 2A ). During hypercapnia, the absolute voltage recorded in the contralateral phrenic nerve was significantly larger than the corresponding ipsilateral burst at both 2 (P ϭ 0.01) and 4 wk post-C2HS (P ϭ 0.01; Fig. 2B ). However, relative to baseline, the increase in burst amplitude during hypercapnia was actually greater in the ipsilateral vs. contralateral phrenic nerve at 2 (P ϭ 0.01) but not 4 wk post-C2HS (P ϭ 0.66; Fig. 2B ). Inspiratory burst frequency was not different at either time point during baseline conditions (2 wk: 44 Ϯ 3 bursts/min, 4 wk: 47 Ϯ 2 bursts/min; P ϭ 0.36) or hypercapnia (2 wk: 59 Ϯ 2 bursts/min, 4 wk: 54 Ϯ 2 bursts/min; P ϭ 0.20).
Representative examples of compound phrenic action potentials evoked by stimulation of the cervical ventrolateral funiculus are shown in Fig. 1 . In contrast to inspiratory burst amplitude, evoked phrenic potentials were not different between 2 and 4 wk post-C2HS (Table 1) . For example, the threshold stimulus current required to evoke a crossed phrenic potential was comparable at 2 vs. 4 wk (Table 1) . Similarly, the amplitude of the evoked potential at any stimulus current (10 -1,000 A) was not different between time points in either phrenic nerve, regardless of the normalization procedure. The onset latency (i.e., time from stimulus artifact to the evoked potential peak) also was not different across time points in either phrenic nerve (Table 1) . On the other hand, significant differences between contralateral vs. ipsilateral evoked phrenic potentials were present at both 2 and 4 wk post-C2HS (Table  1 ). For example, the peak latency associated with the maximum evoked potential amplitude in the contralateral phrenic nerve was shorter than for the corresponding ipsilateral potential at both time points (P Ͻ 0.05; Table 1 ). Similarly, the maximum amplitude of the evoked potential was greater in the contralateral vs. ipsilateral nerve at both 2 and 4 wk, regardless of the normalization procedure (Table 1) .
Unanesthetized rats. During room air breathing, minute ventilation was unaffected by C2HS (Table 2) . However, the pattern of breathing was significantly altered by the injury. Inspiratory tidal volume during eucapnic normoxia decreased from 0.47 Ϯ 0.08 (pre-C2HS) to 0.39 Ϯ 0.03 ml/100 g at 2 wk post-C2HS. This value was not different between 2 and 5 wk post-C2HS (Table 2) . Rats compensated for the reduction in tidal volume by significantly increasing respiratory frequency (Table 2) . However, no changes in frequency during eucapnic normoxia were observed across 2-5 wk post-C2HS (Table 2) .
Before injury, frequency and tidal volume both increased when the inspired CO 2 fraction was raised from 0.0 to 0.05 (Table 3) . On exposure to a inspired CO 2 fraction of 0.07, tidal volume further increased, but frequency did not (Table 3) . Tidal volume was significantly reduced (vs. preinjury) at both hypercapnic levels 2 wk post-C2HS (Table 3 ). Contrary to our original hypothesis, hypercapnic tidal volumes did not increase over the week after C2HS. Thus there were no significant differences in hypercapnic inspiratory volume between 2, 3, and 5 wk post-C2HS (Table 3) . Two weeks post-C2HS, peak frequency during hypercapnia was not different from values pre-C2HS, and this value did not change over the subsequent weeks (Table 3) . Values are means Ϯ SE. Evoked potentials were recorded in the phrenic nerve ipsilateral and contralateral to C2 spinal hemisection (C2HS). Data were recorded in separate groups of rats at 2 and 4 wk post-C2HS injury. %max, Percentage of the maximum amplitude; %CL, percentage of the contralateral phrenic amplitude at the same stimulus current; ⌬ %Threshold, change in amplitude expressed relative to amplitude at threshold; ⌬%Threshold ϩ 100, change in amplitude expressed relative to amplitude at a stimulus current 100 A greater than threshold. *Different from the corresponding ipsilateral phrenic nerve data point, P Ͻ 0.05. No significant differences in any parameter were observed between 2 and 4 wk post-C2HS in either the ipsilateral or contralateral phrenic nerves. Values are means Ϯ SE. V E, minute ventilation; VT, inspiratory tidal volume. *Different from corresponding preinjury time point, P Ͻ 0.05.
DISCUSSION
Deficits in the capacity to increase inspiratory volume after C2HS do not spontaneously improve between the second and fifth week postinjury. Accordingly, spontaneous time-dependent increases in crossed phrenic motor output over this interval appear to make minimal contribution to the generation of inspiratory volume in unanesthetized rats. Furthermore, over a time frame (2-4 wk post-C2HS) when crossed spinal inspiratory phrenic motor output increases (Ref. 16 ; present study), compound phrenic action potentials evoked by stimulation of the contralateral ventrolateral funiculus did not change. Thus time-dependent increases in crossed spinal inspiratory activity after C2HS may reflect plasticity associated with spinal axons not activated by our spinal cord stimulation paradigm (e.g., dorsal or ventromedial axons). Changes in descending motor drive are unlikely to cause increased crossed spinal phrenic activity during this period because there were no associated changes in phrenic motor output on the side contralateral to C2HS.
Time-dependent enhancement of crossed phrenic activity. Hours to days post-C2HS, ipsilateral phrenic inspiratory bursts occur only during intense chemoreceptor stimulation (e.g., asphyxia), after pharmacological treatments that increase respiratory drive, or with enhanced serotonergic function (10, 25, 26, (33) (34) (35) . After this acute period, the efficacy of crossed phrenic synaptic transmission increases over weeks to months. As a result, clear ipsilateral phrenic bursting is observed during normoxic normocapnia 4 wk post-C2HS (24) . Although multiple laboratories have confirmed this response (10, 14) , the time course varies markedly. In this study and two prior reports (10, 16) , small but significant crossed phrenic inspiratory activity was observed at 2 wk post-C2HS during normoxic normocapnia. In contrast, Nantwi et al. (24) report that ipsilateral phrenic activity is absent during spontaneous breathing at 4 wk post-C2HS, but it becomes (relatively) robust by 16 wk. However, differences between the experimental preparations make it difficult to directly compare these studies. In our experiments, animals were paralyzed and ventilated, and the arterial CO 2 was regulated 2 Torr above the CO 2 apneic threshold. Nantwi et al. quantitatively assessed phrenic motor recovery at 16 wk post-C2HS, but the relative time course of phrenic recovery was assessed qualitatively over 4 -16 wk post-C2HS in spontaneously breathing, poikilocapnic rats. Accordingly, the relative rate of phrenic recovery is difficult to compare between studies. Other confounding variables that may explain variability in crossed phrenic activity include sex, rat strain, and even substrain (e.g., rats of the same strain supplied from different breeding colonies). By similarity, a form of serotonin-dependent phrenic motor plasticity known as phrenic long-term facilitation (1, 23) is influenced by sex (5) and is differentially expressed among rat strains (4) and substrains (8) . In the present and prior reports from our laboratory (10), we studied male rats (Charles River Sprague-Dawley, colonies K-62 and 217), whereas Nantwi and colleagues (24) studied female rats (Sprague-Dawley, colony not reported).
Mechanisms of spontaneous phrenic motor recovery. Rapid morphological changes on or around phrenic motoneurons after C2HS (19, 22, 30, 32) have led to the suggestion that the appearance of crossed phrenic inspiratory activity after chronic C2HS reflects spinal (vs. supraspinal) plasticity (18) . For example, C2HS rapidly (within hours) increases the number of dendrodendritic appositions and synaptically active zones in the ipsilateral phrenic motor nucleus (30) . By 30 days post-C2HS, the average number of "active zones" on glutamatergic terminals in the phrenic motor nucleus has increased (31) . Furthermore, the surface area of ipsilateral phrenic motoneuron cell bodies decreases by 14 days post-C2HS, suggesting an increase in phrenic motoneuron excitability (22) . The influence of serotonin on crossed phrenic activity also points toward a spinal mechanism. The serotonin precursor 5-hydroxytryptophan reveals or enhances spinally evoked crossed phrenic compound action potentials in acute C2HS rats (20) . Furthermore, pharmacological activation of serotonin type 2A receptors, which are upregulated in the region of the phrenic motor nucleus after C2HS (11), enhances crossed spinal pathways to phrenic motoneurons (2, 3, 35) . Thus a variety of C2HS-induced morphological or biochemical changes on or around phrenic motoneurons have the potential to alter crossed spinal synaptic inputs to ipsilateral phrenic motoneurons.
Contrary to our original hypothesis, we observed no evidence of spinal plasticity in the evoked, crossed phrenic pathway between 2 and 4 wk postinjury. Neither the threshold current nor the peak amplitude of phrenic compound action potentials evoked by ventrolateral spinal stimulation was affected during this period (Fig. 1, Table 1 ). Several potential mechanisms may reconcile this finding with the simultaneously Values are means Ϯ SE. Rats were exposed to inspired CO2 concentrations of 5% and 7%. V Epeak, peak minute ventilation; VTpeak, peak inspiratory tidal volume; Frequencypeak, peak inspiratory frequency. *Different from corresponding preinjury time point, P Ͻ 0.05. occurring increase in spontaneous crossed phrenic inspiratory burst amplitude (Table 1) . First, spinal plasticity may occur in a synaptic pathway that was not activated by our stimulating electrode. Such pathways exist in the dorsolateral funiculus (20) and in the medial ventral white matter (21) . On the other hand, it is possible that the efficacy of spinal synaptic inputs to ipsilateral phrenic motoneurons and/or ipsilateral phrenic motoneuron excitability does not change after C2HS. In this scenario, increases in inspiratory activity would result exclusively from increases in descending synaptic drive to phrenic motoneurons (i.e., supraspinal plasticity). Such an effect is not inconsistent with prior reports (19, 22, 30, 32) because the physiological significance of the morphological changes in the phrenic motor nucleus has not been unequivocally established. Golder and colleagues (14) demonstrated that hypoglossal motor output is altered by C2HS, a finding suggestive of supraspinal plasticity after spinal hemisection. However, the absence of any enhancement in spontaneous phrenic activity on the intact (contralateral to C2HS) side of the spinal cord suggests that increased descending respiratory drive is not a major factor in the enhancement of crossed phrenic activity. One conceivable explanation for these seemingly disparate results is that increases in crossed phrenic motor output at early time points (e.g., 0 -2 wk post-C2HS) may result from spinal plasticity, whereas subsequent changes may reflect altered bulbospinal drive. Indeed, rapid (i.e., hours to weeks post-C2HS) morphological changes in the phrenic motor nucleus may facilitate spinal synaptic transmission, as previously suggested (18) , yet changes in spinally evoked phrenic potentials would not be observed over the time frame of the present study (i.e., 2-4 wk). Lastly, our neurophysiological techniques may have been insufficient to detect spinal plasticity associated with enhanced phrenic motor output. Electrical stimulation of inputs to phrenic motoneurons is not selective for axons involved in breathing. For example, activation of inhibitory inputs to phrenic motoneurons during spinal stimulation may have obscured facilitatory synaptic inputs to phrenic motoneurons. Nevertheless, strong correlations between spinally evoked phrenic potentials and inspiratory phrenic motor output have been reported previously (9, 10) .
Ventilation after C2HS. Twenty-four hours after C2HS, awake rats breathe with an elevated frequency with uncertain changes in volume (17) . Anesthetized rats breathe with increased frequency and decreased tidal volume at 1 and 2 mo post-C2HS (15) . Arterial blood gases measured in awake rats 24 h postinjury and anesthetized rats after chronic C2HS (1-2 mo) indicate adequate alveolar ventilation (13, 17) , although rats may hypoventilate during the first few hours postinjury (Fuller DD, Golder FJ, and Mitchell GS, unpublished observations). Here, we document a persistent change in the resting pattern of breathing (reduced inspiratory volume, elevated frequency) in unanesthetized, unrestrained rats after chronic C2HS. Furthermore, when respiratory drive was augmented during hypercapnia, inspiratory volume remained impaired relative to the preinjury condition. Accordingly, we suggest that spontaneous increases in phrenic motor output ipsilateral to C2HS reported in anesthetized rats (Refs. 10, 14, 16, 24; present study) make minimal contributions to overall inspiratory volume in unanesthetized rats during normoxic, normocapnic breathing or when respiratory drive is increased with hypercapnia. Crossed phrenic pathways may contribute to inspiratory volume only during selective behaviors (e.g., augmented breaths or sighs) or after removal of inhibitory vagal influences (15) .
